Abstract In this paper, a new approach to determine the optimal location and sizing of capacitor is being analyzed and the objective function is formulated to minimize power losses and voltage profile of the system subjected to equality and inequality constraints. Voltage stability index (VSI) is implemented to pre-determine the optimal location of capacitor. The newly developed Cuckoo Search Algorithm (CSA) is proposed to determine the optimal size of the capacitor. To check the feasibility of the proposed method, it is tested on IEEE 34-bus and 69-bus radial distribution system with different load factors. The simulated results demonstrate well the performance and effectiveness of the proposed method. 
Introduction
In the radial distribution system, the capacitors are optimally located for the power loss minimization and enhancing voltage stability. It is estimated that 13% of the total power generation is dissipated as I 2 R loss in the distribution networks. Hence the capacitor placement will help to decrease the intake of power from the feeder [1, 2] . Improper placement of the capacitor will lead to reduce the benefits of the system and even endanger the entire system control [3] [4] [5] [6] [7] . To locate the shunt capacitors in the distribution systems, one has to find the optimal location, optimal size and number of capacitors to be installed such that maximum benefits of the system can be achieved while satisfying all the constraints. The main difficulty in placement of shunt capacitor in radial distribution systems lies in determining the optimal size and location of the shunt capacitors. Recently many methods and optimization algorithms have been proposed in order to find the optimal allocation of capacitors [8] . Plant growth optimization was implemented to allocate the capacitor in radial distribution system with the objective of improving voltage profile and reducing the power losses. [9] . Genetic Algorithm had been used to find the optimal sizing of the fixed and switched capacitor at various load levels [10] [11] [12] [13] . Direct search algorithm (DSA) had been introduced to find the optimal location and size of capacitor and it is tested on IEEE 22, 69, 85-bus radial distribution system with the objective function of maximizing net savings and minimizing the power losses [14] . Taher and Bagherpour propose the hybrid honeybee colony optimization algorithm to place the shunt capacitors in IEEE 25, 37 bus radial distribution systems to minimize the power losses by maintaining total harmonic distortion at prescribed level [15] . Antunes et al. proposed the non-dominated sorting genetic algorithm to solve the optimal capacitor placement in radial distribution systems for reactive power compensation [16] . Baran and Wu introduced mixed integer programming for the capacitor placement [17] . Chis et al. had chosen more sensitivity nodes for optimal location and sizing by heuristic search strategies to maximize the net savings [18] . Mohammad et al. introduced the supervisory control and data acquisition system (SCADA) with fuzzy based decision making to calculate the suitable capacitors required to enhance the power factor according to the measured parameters [19] . Prakash and Sydulu introduced the particle swarm optimization to determine the optimal size of the capacitor bank to minimize the power losses [20] . Nojavan et al. proposed mixed integer nonlinear programming approach to determine the location and size of the capacitor to minimize the power losses and increasing the net benefits [21] .
Cuckoo Search Algorithm (CSA) [22] is one of the new nature-inspired algorithms that has been proposed recently to solve complex optimization problems. CSA can be used to efficiently solve global optimization problems [23] as well as NP-hard problems that cannot be solved by exact solution methods [24] . The most powerful feature of CS is its use of Le´vy flights to update the search space for generating new candidate solutions. This mechanism allows the candidate solutions to be modified by applying many small changes during the iteration of the algorithm. This in turn makes a compromised relationship between exploration and exploitation which enhance the search capability [25] . To this end, recent studies proved that CSA is potentially far more efficient than GA and PSO [26] . In addition, it is simple and population based stochastic optimization algorithm. Moreover, it requires less control parameters to be tuned. Also, it is a compatible optimization tool for power system controller design. Such feature has motivated the use of CSA to solve different kinds of engineering problems such as multi-objective scheduling problem [27] , reliability optimization problems [28] , DG allocation in distribution network [29] , economic dispatch [30] , network reconfiguration and distributed generation allocation in distribution network [31] .
In the present work, a fast and new technique to determine the optimal location and sizing of capacitors to minimize the power losses and to enhance the voltage profile in the radial distribution system with different load factors has been proposed. The novelty of this work is implementing an integrated approach of VSI and recently developed meta-heuristic cuckoo search algorithm to determine the optimal location and sizing of capacitor for the sake of power loss minimization and voltage profile enhancement. It is validated that CSA gets better results faster when compared with other classical algorithm. In addition to that CSA is capable of searching global optima solution. The proposed method has been tested on different radial distribution systems and the results are presented. In order to show the effectiveness of the proposed method, the results obtained by the proposed method are compared with the results of other existing methods.
Problem formulation

Load flow analysis
The direct approach for distribution system load flow solution is used to find the power losses and also the voltage at each branch [32] . The single line diagram of a sample distribution system is shown in Fig. 1 .
The voltage at node m + 1 is given by 
where BIBC is the Bus current Injection to Branch Current matrix.
The real and reactive power losses in the line section between buses m and m + 1 are calculated by using the following equation
The total real and reactive power losses of the system can be easily found by summing of all the branch power losses and it is expressed in Eq. (6).
Power loss reduction using capacitor placement
The net power losses reduced by capacitor placement is taken as the ratio of total power loss before and after capacitor placement of the system, and is given by
Net power loss reduced by capacitor placement in the system can be maximized by minimizing DP cap TL .
Voltage profile index
If the capacitor is placed optimally, it results in improving the voltage profile of the system. Suppose the index is closer to zero, then the network will operate in safe mode. The Voltage profile index [33] is given by,
where V 1 is the voltage at the generating station (V 1 = 1.0 p.u.). It is advised to keep the index value (DV D ) closer to zero and thereby improves voltage stability and network performance.
Objective function of the problem
The objective function (F) of the proposed work is formulated to minimize the total power loss and voltage profile index of the distribution system.
The mathematical formulation of the objective function [33] is given by
Subjected to the following operating constraints. 
Optimal location
The voltage stability index is used to pre-identify the location of the capacitor. Initially the optimal location is determined by using VSI. However the calculation of VSI is dependent on the network topology, configurations, loading, etc. In order to overcome this issue the algorithm will search the optimal number of buses and select them for capacitor placement. The optimal size of the capacitor will be obtained using cuckoo search algorithm.
Voltage stability index for capacitor placement
There are many indices used to check the power system security level. In this section a new steady state voltage stability index is used in order to identify the node, which has more chance to voltage collapse [33, 34] . The voltage stability index at each node is calculated using Eq. (10). The node which has the low value of VSI is the weakest node and the voltage collapse phenomenon will start from that node. VSIs are calculated from the load flow for all the buses of the given system and the values are arranged in ascending order. The VSIs choose the sequence in which the buses are to be considered for capacitor allocation. Therefore to avoid the possibilities of voltage collapse, the VSI of nodes should be maximized.
Cuckoo search algorithm
A more recent meta-heuristic search algorithm, Cuckoo Search Algorithm (CSA) has been developed by Yang [22] . CSA has two main operators. One is direct search based on Levy flights and another one is random search based on the probability for a host bird to discover an alien egg in its nest. CSA consists of three steps. They are (i) Every cuckoo lays one egg at a time, and dumps its egg in a randomly chosen nest. (ii) The best nests with high quality of eggs will carry over to the next generation. (iii) The number of available host nests is fixed, and the egg laid by a cuckoo is discovered by the host bird.
Cuckoos are attractive birds, it not only makes beautiful sound, but also has fantastic reproduction strategy. Some of the species in cuckoo such as ani and guira lay their eggs in common nests, though they may remove others eggs to raise the hatching probability of their own eggs. The cuckoo eggs may hatch earlier than those of their host eggs. When the first cuckoo egg is hatched, the first action is to remove the host eggs by blindly pushing out the egg from the nest. The cuckoo chicks may also mimic the call of host chick to increase the feeding opportunity.
The term Levy flight was introduced by Benoit Mandelbrot, who used this term for one specific definition of the distribution of step size. Naturally most of the animals search (cuckoo bird will search for host nest) their food in a random manner (the next step is always based on the current location and the probability of moving to the next location). It can be modeled with a Levy distribution (a continuous probability distribution for non-negative random variables) known as Levy flights.
The cuckoo bird will find the best nest to lay their eggs (solution) to maximize their egg's survival rate. Actually every cuckoo lays one egg at a time. The high quality eggs (Optimal value) which are more similar to the host bird's eggs have more chance to develop (next generation) and became a mature cuckoo. Unhealthy eggs (not optimal value) are identified by host bird with a probability Pa € [0, 1] and these eggs are thrown away or the nest is discarded, and the new nest is built at new location. A randomly distributed initial population of host nest is generated and then the population of solutions is subjected to repeat cycles of the search process of the cuckoo birds.
The parameters used in cuckoo search algorithm are Number of nests or different solutions (n) = 25. Discovery rate of alien eggs/solutions (pa) = 0.25. Levy coefficient (k) = 0.5
The cuckoo randomly chooses the nest position to lay eggs using Eqs. (11) and (12) [35, 36] .
where k is constant (1 < k 6 3) a is a random number generated between [À1, 1]. C is gamma function. S > 0, it is step size.
The step size can be obtained using
where p; f 2 f1; 2; . . . ; mg and q 2 f1; 2; . . . ; Dg are randomly chosen indexes. f is chosen randomly but its value must be different from p.
The host bird will identify the cuckoo egg and choose the high quality egg with probability of using Eq. (14)
where fit q is the fitness value of the solution.
q is the proportionality index to the quality of egg in the nest position q. If the host bird identify the cuckoo egg, then the host bird may throw the egg away or leave that nest and build a new nest using Eq. (15) . Otherwise the egg will grow and is alive for next generation.
nest q ¼ X q;min þ randð0; 1Þ Ã ðX q;max À X q;min Þ ð 15Þ
4.1. Steps to be followed for optimization
Step 1: Run load flow analysis.
Step 2: Obtain the base power losses and Voltage at each bus.
Step 3: Run the VSI to find the candidate location for capacitor.
Step 4: Set the lower and upper limits for the constraints.
Step 5: Initiate random population of n host nests, X i for amount of kVAr to be injected within limits.
Step 6: Obtain cuckoo randomly using Levy flights, i
Step 7: Evaluate its fitness (F i ) according to objective function.
Step 8: Get a nest randomly from population j.
Step 9: If F i > F j , else go to step 11. If no go to step 12.
Step 10: Let j be the solution.
Step 11: Replace j with the new solution.
Step 12: If a fraction of nest is replaced by new nests then create a new nest at new location with the help of Levy flights.
Step 13: Choose the best current nests.
Step 14: Allow the current best solution to the next generation.
Step 15: If maximum iteration is not reached then go to step 6, otherwise it is the best nest (optimal solution).
Step 16: Display optimal solution.
These are the steps involved to minimize F.
Numerical results
To demonstrate the effectiveness of the proposed method using VSI and CSA, it is applied to 34-bus and 69-bus radial distribution systems. The voltage at the substation is assumed to be 1 p.u. The first bus in this system is considered as feeder of electric power from generation/transmission network. The rest of the buses are considered as a candidate location of capacitor. The maximum limit of the capacitor unit is 100% of the total kVAr loading of this network. The maximum number of capacitor installed is limited to three. Since beyond this limit, there is no significant improvement in power loss reduction. The parameters used to calculate net savings per year are the energy rate C e = $0.06/kW h, Installation cost of capacitor C cl = $ 1600/location, purchase cost of capacitor C e = $ 25/kVAr, operating cost is $ 300/year/location, depreciation factor (c) is 20%, operating hour per year is 8760 [37] .
IEEE 34-bus radial distribution system
The schematic diagram of the IEEE 34-bus radial distribution system is shown in Fig. 2 . The IEEE 34-bus radial distribution system consists of 34 buses and 33 branches. The line data and load data of this system are taken from [37] . The base values are 100 MVA, 11 kV and the real and reactive power loads of this system are 4636.5 kW and 2873.5 kVAr. In this case the maximum limit of the capacitor bank is 100% of the total kVAr loading of this network (2874 kVAr at full load). The (18) PSO (20) PGS (9) MINLP (21) Proposed method
Optimal size and location -1400 (26), 750 (11), 300 (17), 250 (4) 781 (19), 803 (22), 479 (20) 1200 (19), 639 (22), 200 (20) 300 (4), 600 (10), 100 (14), 500 (18), 300 (22), 1000 (27) 10 (650) Figure 3 Comparison of performance of line losses for 34-bus radial distribution system. An efficient method for solving the optimal sitting and sizing problem of capacitor banksreactive compensation of 2700 kVAr, using PSO method the losses were reduced to 168.5 kW with injecting 2063 kVAr and by PGS method, the authors were able to reduce power losses to 168.7 kW with total reactive support of 2039 kVAr. Finally using MINLP method, the losses were reduced to 162.9 kW with the total reactive support of 2800 kVAr. However, in the proposed method, the losses are reduced to 160.3 kW with reactive compensating of 2200 kVAr which results better when comparing with other existing techniques as shown in Table 1 . It is found that the net savings using proposed method are $ 19,194 which is better when compared to $ 12,968 by MINLP, $ 15,584 by PGS $ 15,569 by PSO, and $ 12,553 by Heuristic method. Finally all the constraints such as voltage magnitude and reactive power limits were checked and found that all the limits are within the allowable tolerance. The performance analysis of line losses of proposed method over other techniques is shown in Fig. 3 also it shows that the proposed method has achieved better power loss reduction when compared with other methods. This system is also analyzed under different load factors such as 0.5, 0.75, 1.0, 1.25 and 1.6 and it is shown in Table 2 . The base case power losses of different load factors (0.5, 0.75, 1.0, 1.25 and 1.6) are 52.75 kW, 121.49 kW, 221.28 kW, 354 kW, and 603 kW respectively. From Table 2 , it is concluded that the proposed method power loss reduction has been improved when compared with base case.
IEEE-69 bus radial distribution system
The 69-bus radial distribution system is analyzed in this case. The line data and bus data are available from [38] with a real and reactive load of 3801 kW and 2694.6 kVAr and the base Figure 4 The schematic diagram of the 69-bus radial distribution system. values are 100 MVA, 12.66 KV. The real and reactive power losses of the base case are 225 kW and 102.2 kVAr. In this case the maximum limit of the capacitor unit is 100% of the total kVAr loading of this network (2695 kVAr at full load). The schematic diagram of this system is as shown in Fig. 4 . It is planned to install three capacitors in this system. The optimal location and size of capacitors for this system are chosen as 18 (350), 61 (1150), 65 (150). The total kVAr used in the proposed method is less when compared with other techniques at the same time the real and reactive power losses are also less. The real power losses obtained from the proposed method are 146.1 kW which is less when compared to 146.35 kW by TLBO, 147 kW by PSO and 156.62 kW by GA. The net savings for the proposed method are $ 31359.9 which is better than the other techniques compared in the Table 3 . The optimal results of other algorithm compared in this paper are executed using proposed power flow equation. The Table 3 shows the comparison of numerical values of proposed method with the other techniques and Table 4 Table 4 , it is concluded that the proposed method power loss reduction has been improved when compared with base case.
The performance analysis of line losses of proposed method over other techniques is shown in Fig. 5 . From Fig. 5 , it is clear that the performance of the proposed CS algorithm is better compared to other existing methods in terms of quality of solutions.
Conclusion
Capacitor placement in the distribution system is used to compensate the reactive power which leads to minimization of power losses, enhancement of the voltage profile, improving the system stability, etc. It is necessary to place the capacitors at optimal locations with optimal size to ensure the maximum benefits of the system. In this article, the new method of finding the optimal location is proposed and the optimal size is determined by using newly developed CSA. The proposed method is applied to IEEE 34-bus, 69-bus radial distribution system with different load factors. The main advantage of using CSA is that it does not require spending more effort in tuning the control parameters, as in case of GA, PGS, MINLP, DSA and other Evolutionary algorithms. The simulated results obtained using CSA are compared with the other existing techniques, and the results show that the performance of the proposed method for minimization of power loss and voltage profile and maximization of net savings is found to Figure 5 Comparison of performance of line losses for 69-bus radial distribution system.
An efficient method for solving the optimal sitting and sizing problem of capacitor banksbe better than the other existing methods. The proposed method can be easily applied to any large scale particle radial distribution system. 
